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ABSTRACT 



Terzan 5 is a Galactic globular cluster exhibiting prominent X-ray and gamma-ray emission. Following the discovery of extended X- 
ray emission in this object, we explore here archival data at several wavelengths for other unexpected emission features in the vicinity 
of this globular cluster. Radio data from the Effelsberg 100 metre telescope show several extended structures near Terzan 5, albeit with 
large uncertainties in the flux estimates and no reliable radio spectral index. In particular, a radio source extending from the location 
of Terzan 5 to the north-west could result from long-term non-thermal electron production by the large population of milli-second 
pulsars in this globular cluster. Another prominent radio structure close to Terzan 5 may be explained by ionised material produced 
by a field O star. As for the diffuse X-ray emission found in Terzan 5, its extension appears to be limited to within 2.5 arcmin of the 
globular cluster and the available multi-wavelength data is compatible with an inverse Compton scenario but disfavours a non-thermal 
Bremsstrahlung origin. 
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1. Introduction 

Terzan 5 is a Galactic globular cluster (GC) located in the in- 
ner Galaxy, at R.A. 17* 48'" 04.0 s and Dec -24° 46' 45" (in 
Galactic coordinates : I 3.8°, b 1.69°), at 5.9 kpc from the Sun 
dFerraro et al.L 120091) . Terzan 5 hosts the largest pop ulation of 
millis econd pulsars (msPSRs) detected so far (33, iRansomL 
120081) . and it exhibits the highest c entral stellar density among 
Galactic GCs dLanzoni et allhoiOl) . 

Recent observational results on Terzan 5 concerning non- 
thermal signature s have renewed the interest in this object. 
lEger et all (1201 Ol) report diffuse X-ray emission extending be- 
yond the half-mass radius of the GC (r/, = 0.52', lLanzoni et al.L 
1201 Oh with a hard spectrum of index close to 1, likely of non- 
thermal origin. In the high-energy y-ray range (100 MeV < E y < 
100 GeV) Terzan 5 is the brightest GC seen with Fenni-LAT 
(iKong et alll2010HAbdo et alll2010l) . The y-ray spectrum of the 
source is best fitted by a power law with an exponenti al cut-off at 
a few GeV, as expected for a population of msPSRs. iKong et all 
(l2010h also report tentative evidence of a second component in 
the y-ray spectrum at energies above 10 GeV, which they in- 
terpret as inverse Compton (IC) up-scattering of cluster stellar 
photons by high-energy electrons. These observations clearly 
point to a considerable population of non-thermal particles in 
Terzan 5. 

Several models have been proposed that could explain 
the observed high-energy emission, based for some on lep- 
tons acc elerated by the pop ulation of msPSRs in the GC 
(e.g. see iBednarek & SitareM. 120071: IVenter& de Jageri 120081: 
IVenter et all 120091) . These models apply in principle to any 



GC hosting msPSRs. The largest predicted fluxes (based on 
the known msPSRs) are from 47 Tucanae, also detected by 
Fenni-LAT dAbdo et al.L l2009t) and Terzan 5, where lAbdo et all 
d2010h estimate a population of 180 msPSRs, with a large un- 
certainty. Since different emission processes may dominate in 
the GeV range and at much lower energies, there is no rea- 
son a priori for 47 Tucanae to be brighter than Terzan 5 in 
all parts of the spectrum. Another contribution to the high- 
energy emission may come from stellar binaries consisting of 
a normal star and a compact object, accelerating particles to 
the required energies possibly via non-thermal radio- emitting 
plasma ejections (described e.g. in iFender et al.L Il999b . Due to 
its high core density favourable to dynamical interactions be- 
tween stellar objec ts, Terzan 5 is e xpect e d to contain many bi - 
nary systems (e.g. iPoolev & Hul I2006L llvanova et all 120081) . 
This would also favour merger events, including white dwarf 
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mergers (see e.g. lShara & Hurleyl 20021) and neutron star merg- 
ers (discussed in lGrindlav et all l2006h . expected to result in ex- 
plosive events, type la supernovae or short gamma-ray bursts 
(GRBs) depending on the progenitors (white dwarfs and neu- 
tron stars respectively). The remnants of t hese explosions may 
then be particle-acceleration sites (see e.g. lKovama et al.L 1 1995b 
iDomainko & Rufferdl200ll2008l) . 

A scenari o for extended X-ra y emission in relation to GCs 
is proposed in lOkada et al.l d2007l) . They suggest that supersonic 
motion through the interstellar medium (ISM) and bow-shock 
formation are possible for GCs. They also find potential signa- 
tures of particles accelerated in GC bow-shocks in radio and X- 
ray data. Typical three-dimensional velocities of GC are around 
200 km/s, bu t can b e as high as 400 km/s for, e.g., NGC 5904 
dOkada et all 120071) . Proper motion is unfortunately not avail- 
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able for Terzan 5. Its radial velocity, a lowe r limit to the total 
three-dimensional velocity, is about 80 km/s (lHarris [ [19%!) . 

Previous radio stu d ies o f Galactic GCs (see e.g. 
iGopal-Krishna & SteppeL 1 19801) have reported flat-spectrum 
radio sources, some of which (M 3 and M 92) surrounded by 
arcmin-scale radio features. 

Many studies have focused on the GC Terzan 5 itself, if not 
on its core. Our aim here, prompted b y the discovery of X- 
ray diffuse emission (lEger et all 1201 Oh . is to collect informa- 
tion from archival data over spatial scales from the arcmin to 
the degree, with particular interest in indications of non-thermal 
emission processes. This paper is organised as follows. First, 
measurements from archival data of the region around Terzan 5 
are presented. Radio data are discussed in Section [2] X-ray in 
Section [3] and infrared in Section |4~TI The density of molecular 
material is investigated in Section [4721 and possible counterparts 
from astronomical catalogues are mentioned in Section [5] Then, 
in Section [6] the implication of our findings on the underlying 
physical processes are discussed. 
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2. Radio survey data 

iFruchter & Goss I d2000h observed Terzan 5 at wavelengths of 
90, 20 and 6 cm with high angular-resolutions using the VLA 
in its three most extended configurations. Their radio maps dis- 
play numerous point sources with steep spectra, as expected for 
pulsars. Terzan 5 is also detected in the 21 cm NVSS survey 
(ICondon e t al., 1998]) as a 5 mJy single source, with a weak po- 
larisation feature extending north of the GC. 

2. 1. Effelsberg survey data 

For the radio analysis of Terzan 5 we used archival 21 and 
11 cm (respectively 1408 and 2695 MHz) total intensity maps 
from the Survey Sampler 1 of the Max Planck Institute for Radio 
Astronomy. These observations were done with the Effelsberg 
100-m telescope as part of Galactic plane surveys. Since we 
are interested in small-scale structures, we used the 'source- 
component' maps, which do not contain the global steep- 
spectrum diffuse Galactic emis sion. Full details on the data and 
the processing can be found in lReich et al.l (ll990albT) . The anal- 
ysis presented in this paper relies on this preprocessing. The flux 
density (S) calibration for the dataset was checked by mapping 
the po int-like source 3C286 and adopting the scale of lBaars et al.l 
(1 1977b : flux densities of 14.4 (at 21 cm) and 10.4 Jy (at 1 1 cm). 
The angular resolution (half-power beam width, HPBW) of the 
maps are 9'.4 and 4'. 3, their sensitivity (noise rms) 40 and 
20 mK T B , and the ratios T B [K]/S[Jy] are 2.03 + 0.04 and 
2.5 1+0.05, respectively for 21 and 11 cm (T# the brightness tem- 
perature). The resulting flux maps are shown in Figure QTJand 
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Table 1. Description of the regions defined from the radio maps. 
Regions 1 is a circle, regions 2 to 9 are circle wedges, all centred 
on the core position of Terzan 5. Regions 10 and 1 1 are ellipses, 
of centres RADec (267.35°, -24.28°) and (266.91°, -24.58°), ma- 
jor and minor axes R max and R„„„ and inclination min . Region 
12 is a rectangular box, centred on RADec (266.35°, -22.98°), 
of side lengths R m ,„ and R max and inclination </>„„„. The rotation 
angles are relative to north, westwards. 



Fig. 1. Radio map from the Effelsberg Galactic plane surveys at 
11 cm (in Jy/beam). Contours from the 21 cm map are over- 
plotted (for levels 0.2 to 0.7 Jy/beam per 0. 1 step), as well as the 
regions of TableQ] The region labelled 1 is centred on Terzan 5. 
The HPBW for the 1 1 cm data is also shown. The dashed lines 
indicate the radio scan directions at 1 1 cm. 



2.2. Regions of interest 

The regions used in this work were defined from visual inspec- 
tion of the Effelsberg radio data. Several features can be seen 
around Terzan 5, but none exhibits tell-tale morphology (e.g. 

1 http ://w w w. mpif r-bonn. mpg . de/sur vey .html 
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shell-like or bow-shock-like structure) suggestive of its origin. 
Ring segments centred on the GC were defined to cover its envi- 
ronment. The width of the rings matches the angular resolution 
of the radio data, while their orientation aims at isolating main 
flux levels differences. Two elliptical regions and a rectangular 
region cover distinct prominent higher flux features, visible in 
Figure Q] The geometry of all the regions is given in Table Q]and 
shown in Figure Q] 

The radio flux densities of the regions were extracted us- 
ing the MPS 2 task IRING, or IMEAN for regions 12 and 13. 
The error on the radio flux in a region was derived following 
lKleinetalJ(l2003h : 



AS: 



xAS c ) 2 +(AS;.') 2 + (ASj) 2 



(1) 



for S i the flux measurement at frequency v, and AS , the related 
error. We used a calibration error AS C of 3% and a noise rms 
AS" derived from the rms noise of the map (respectively 0.08 
and 0.05 Jy/beam at 21 and 11 cm) and multiplied the results 
by the integra tion area. The estima tion of a 'diffuse-component' 
performed by iReich et all (Il990alfbh may locally produce large 
inaccuracies. The 'diffuse-component' was subtracted from the 
original data to obtain the 'source-component' map used here. 
We consider a zero-level error AS~: at 3% of the mean flux value 
in the region of the 'diffuse-component' map. AS] also depends 
on the area (in units of solid angle, used to determine the zero- 
level). AS] is the predominant contribution to the flux errors. 

The flux density values are summarised in Table [2] 
Regions 4, 5 and 8 might indicate local background levels at 
11 and 21 cm, with a possible deviation for region 9 (below at 
11 cm, above at 21 cm). While two bright regions (10 an 11) 
stand out at both wavelengths, it is difficult to make out other 
features, in particular at 21 cm, where the errors are larger and 
the resolution worse. Regions 1, 2, 3, 6 and 7 overlap somewhat 
with the bright features and present as expected intermediate flux 
values. 

Region 12 is visible only because of the very low flux densi- 
ties in its surroundings. Since it is located at higher galactic lati- 
tudes the background level of the radio emission is considerably 
lower than close to Terzan 5. To quantify the robustness of the 
structure we estimated the background level of the flux density 
in region 13, adjacent to region 12 at the same galactic latitude 
(see Table |2]). At least at 21 cm, region 12 stands significantly 
above the local background level. 

2.3. Spectral index estimation 

We extracted the mean spectral index a for each region from the 
two flux measurements in each region. The uncerta inty on a, es- 
timated following equation 3 of lO'Dea et alJ (120091) is very large 
in all regions. We therefore do not present the radio spectral in- 
formation in this paper. For the discussion we use a spectral in- 
dex of -0.8. Detailed re-analysis of the archival data or additional 
data spanning a wider frequency range may reduce this limita- 
tion. 



3. X-ray data 

3.1. ROSAT 

The first detection of exten ded diffuse e missio n from the GC 
Terzan 5 was reported by Eg er et al.l (|20 1 0b who analysed 



the data of an archival Chandra Advanced CCD Imaging 
Spectrometre (ACIS) observation. Following this discovery we 
investigated archival ROSAT data, to search for diffuse emis- 
sion on a much larger spatial scale than possible with the lim- 
ited field of view (FoV) of C handra. Terzan 5 was observed by 
ROSAT several times (see e.g. lJohnston et al.ll!995l) . We focused 
on a pointing observation centred on Terzan 5 taken in 1991 
(ID 300060) by the High Resolution Imager (HRI) instrument 
with a total live time of 22.5 ks. The advantage of the ROSAT- 
HRI observation compared to Chandra is its large square FoV 
with a side of 38'. Data analysis relied on the standard packages 
FTOOLS 5.9 from HEASOFT version 6.8 (IBlackbumi Il99l 
and CI AO 3 . 

To search for extended diffuse emission, point-like sources 
must first be excluded. There are 50 Chandra poin t-sources in- 
side r/,, listed in Table 1 of iHeinke et al.l d2006l) . To account 
for the difference be tween t he po int spread function (PSF) of 
ROSAT-HRl (~ 5". iBoesel 120001) and Chandra- ACIS (~ 1", 
iKarovska etail l200lF we defined a large exclusion region at 
the centre of the G C, with a radius equal to r;,. Outside r%, 
IHeinke et alJ d2006l) found 78 Chandra sources (listed in their 
Table 2). We excluded them taking into account the HRI PSF. All 
the excluded regions were removed from the dataset and refilled 
with the CIAO DMFILTH tool, assuming Poisson statistics. 
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Fig. 2. ROSAT-HRl surface brightness versus distance from the 
core position of Terzan 5, with a 1 cr error bar. The expected 
background level is represented by the dashed horizontal line. 
The extraction regions are adjacent rings of equal width, see text 
for details. 

Since the spectral resolution of the HRI camera is very lim- 
ited, we only extracted the total count-rate in the full HRI energy 
band (0.1 - 2.4 keV). The HRI background is dis cussed in the 
ROSAT-HRl calibration report (iDavid et al.l 1 19971) . It combines 
different components: the internal background, the externally- 
induced background from cosmic rays and the X-ray background 
(Galactic and extra-galactic). For our analysis we adopted the 
given standard values for the first two (pointing-independent) 
components. Terzan 5 is located near the Galactic plane, there- 
fore the X-ray background, in particular the diffuse Galactic 
emission, i s larger than aver age over the sky. Based on the re- 
sults from lEger et all (120101) . we estimated this component as 

3 http://cxc.harvard.edu/ciao/ 
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3xl0~ 7 counts s _1 arcsec -2 . Compared to iDavid et all (1 19971) . 
this is slightly above the standard value but still within the given 
range. The total expected HRI background level for this obser- 
vation amounts then to 1 .2 x 10 6 counts s arcsec -2 in the 0. 1 - 
2.4 keV energy band. 

Diffuse emission connected to Terzan 5 was searched for us- 
ing concentric annular extraction regions 1 ' thick centred on the 
GC, of internal radii to 10'. We integrated the counts within 
each ring from the refilled HRI image and compared these to the 
afore-mentioned background component level. Figure [2] shows 
the surface brightness for the rings. All the extracted values 
agree within 1 <x and are compatible with the expected back- 
ground. The innermost region, somewhat brighter than the oth- 
ers, is still within less than 2<x deviation from the exp ected back- 
groun d. The diffuse emission detected with Chandra dEger et al.L 
1201 Oh as well as un-removed point sources are likely to con- 
tribute to the flux measured in this innermost ring. In addition 
there might still be some contamination from the wings of the 
PSF of removed point-sources or a contribution from a transient 
sou rce, a common phen omenon in dense GCs like Terzan 5 (see 
e.g. lHeinkee7aTll2002l) . 

The archival HRI data confirm the previous results of 
lEger et all d2010l) and show no indication of emission above the 
Galactic diffuse component beyond 2'. 5 away from Terzan 5. 
The extended X-ray emission connected to Terzan 5 seems there- 
fore to be very localised, a res ult not accessible with the small- 
FoV Chandra data analysed in lEger et alj (120101) . 

3.2. INTEGRAL 



The non-thermal X-ray emission detected by lEger et all (1201 Ol) 
might be detectable in the hard X-ray regime by INTEGRAL if it 
extends to this energy band. For this source, of un-absorbed flux 
5.5xl0~ 13 er g cm' 2 s" 1 and sp ectral index of about 0.9 in the 1 



7 keV band fegeret al.Ll2010h . a flux of 4.9x10 12 erg cnr 2 s 1 
in the 17-60 keV band is expected. This might be within 
the reach of INTEGRAL, which can de tect sources down to 
3.7xl0~ 12 erg crrT 2 s _1 in the same band (iKrivonos et all [20101) 
near the Galactic centre (and also at the position of Terzan 5). 



4. Other wavelengths 

Infrared and 12 CO survey data were also studied, to gather in- 
formation about the environment from dust and molecular gas 
content. A gradient in infrared emission in the direction perpen- 
dicular to the Galactic plane was found. For the whole region a 
very low average molecular gas column density was measured. 
No significant local features were found that could hint of pecu- 
liar conditions in the ISM close to the GC. 



4.1. Far infrared data 

The Infrared Astronomical Satellite (IRAS) archival 

data, here from the I RIS data reduction chain 

dMiville-Deschene & Lagachel I2005I) . provides full-sky 
coverage at 4 wavelengths (12, 25, 60 and 100 /urn). The angular 
resolution (4.2' at 100 pm) is sufficient to distinguish differences 
on the scale of the regions consi dered here. Bright poin t-like 
sources from the IRAS catalogue dBeichman et al.L 119881) were 
removed when estimating the average flux in the regions. 
After comparison to Spitzer maps 4 , the limiting flux for source 
exclusion was set in the 12 pm band, where the contribution 
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Fig. 3. Map of nn, derived from the 12 CO emission in the 3 to 
10 km/s velocity range (roughly equivalent to a distance range 
of 1 to 3 kpc) overlaid with contours from the 1 1 cm data (for 
levels 0.07, 0.095 and 0.12 Jy/beam) and selected objects (see 
Section[5]l. The Terzan 5 circle indicates the half-mass radius of 
the GC. Colour scale normalised by 10 20 cm 2 . The map was 
blanked where no value was available. 



from stars is largest, to exclude at least the two IRAS point-like 
sources 5 closest to Terzan 5, corresponding to the GC itself and 
a nearby bright star. 

A flux density gradient is observed across the region, with 
a factor 2 decrease when moving away from the Galactic plane, 
with the lowest fluxes measured for region 12, the furthest away 
from the Galactic plane. Visual inspection of IRAS and Spitzer 
maps did not reveal any obvious extended structure in this region 
apart from Terzan 5 itself, where star crowding would mask any 
truly extended emission component. 

4.2. Molecular gas and 12 CO data 

The largest-coverage mo lecular-gas-t r acer m ap of the Galactic 
plane was compiled by iDame et all d200lh . hereafter DA01, 
from the data of several surveys of the CO rotational transi- 
tion 1-0 emission line. We extracted the temperature values 
against velocity from their publicly available 6 data cube. The 
values were integrated over the relevant velocity range, over the 
spatial extension of the region and finally converted into an hy- 
drogen column density nn 2 (cm -2 ) using the conversion factor 
1.8xl0 20 cirT 2 KT 1 knr 1 s from DA01. 

Using the close-case distance esti mates f r om a 
Galactic rotation model (h ere following IClemensl 119851: 
iNakanishi & Yoshiabil [2003), we selected the boundary ve- 
locities to bracket the distance to Terzan 5 (5.9 kpc): 20 km/s 
(«5 kpc) and 120 km/s («7.3 kpc). The complete range provided 
by DA01 was also considered (from minus to plus 170 km/s). 
The estimated nH, are very low, as illustrated in Figure [3] 
compatible with zero in some regions, notably region 12 in all 
velocity ranges. The maximum values are measured in regions 6 
and 9, with respectively 2.6 and 4.5xl0 21 crrT 2 in the full 
velocity range and 3.4 and 3.3xl0 20 cirT 2 in the velocity range 
compatible with the distance to Terzan 5. These values are 
comparable to other regions at similar Galactic latitude, where 
the latitude gradient of ne, was shown to be large (DA01). The 



http://irsa.ipac.caltech.edu/applications/Cutouts/ 



Catalogue accessed from Vizier (Ochsenbein et alll2000h . 
http://www.cfa.harvard.edu/mmw/obtainingData.html 
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neighbouring giant molecular cloud Bania Clump 2 mentioned 
in DA01 does not extend to this region. Most of the measured 
column density is associated to velocity range v <20 km/s (dis- 
tances below 5 kpc). We interpret it as the cumulative emission 
from the diffuse molecular gas near the Galactic plane along 
the line of sight. Marginally significant structures found from 
visual inspection of the data cube are discussed in Section [5] 
The slightly larger values of nH, for regions 6 and 9 correspond 
to the shorter distance of these regions to the Galactic plane. 
Region 12 is the furthest away from the Galactic plane, away 
from distinct high-latitude features, so the null result (to the 
sensitivity of the available data) is not surprising. 



5. Catalogue search 

Previously identified objects potentially relevant to our study 
were searched with the help of the CDS online tools 7 . There 
appears to be no particularly energetic object in the region that 
could straightforwardly generate the entire observed radio emis- 
sion. A few objects are worth mentioning (shown in Figure 0. 
The large radio source east of region 12 is SNR WR143. Two 
active galactic nuclei have been identified, one on each side of 
region 12, both as bright radio point sources. Two O type stars 
are found, one near the centre of region 10, the other n orth of 
Terza n 5. Both stars seem to be at a distance below 2 kpc dReedl 
120051) . Figure|3]shows ne, for a compatible velocity range, with a 
local minimum coincident with one of the stars, labelled 'Ostarl ' 
in the figure and catalogued as 2MASS J17491016-2414211. 
This may hint of a previous interaction between the star and 
molecular gas leading to a cavity. The data is too sparse near the 
other s tar to make any statem ent. Based on the IRAS source cata- 
logue dBeichman et al.Lfl9 88j) and young stellar object (YSO) se- 
lection criteria from IRAS colours (lJunkes et all 1 19921) . two can- 
didate YSOs were identified, one of them (labelled as 'YSOl') 
close to a radio hot spot and possibly a 12 CO one. All the other 
bright radio hot spots were previously catalogued dReich et all 
fl990ah but we found no additional published information on 
them. 



6. Constraints on non-thermal emission processes 

Based on the collected measurements, this Section focuses on 
testing non-thermal radiation processes that may generate the 
emission around Terzan 5. The energetics of the detected radio 
structures are constrained in Section 16.11 The particular proper- 
ties of regions 10, 1 1 and 12 are discussed in Sections [6. 2l to 16.41 
Potential associations between Terzan 5 and region 1 1 or 12 are 
discussed. Section 16751 examines the origin of the diffuse X-ray 
emission found by Ege r et all (I2010I) . 

While a physical connection between the structures seen 
around the direction of Terzan 5 (Figures Q] and 2} and the GC 
itself cannot be affirmed, it is assumed hereafter that they are all 
located at the same distance of 5.9 kpc. For the interpretation of 
the radio data, it is further assumed that synchrotron radiation 
(SR) emission is the dominant scenario. If the electron energy 
distribution follows a power law of index p, N(E)dE = KE~ p dE, 
the radio spect ral index a of th e SR emission is a = (p - l)/2. 
Typical values (lLongairlll992l) for a are: for centre-filled super- 
nova remnants (SNR) a « -0.3 - 0.0, for SNR shells a < -0.5 
and for the Galactic radio GHz range emission a « -0.9 - -0.8. 
In the absence of radio index measurements, we assume for all 
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Fig. 4. Radio map from the Effelsberg Galactic plane surveys at 
21 cm (in Jy/beam). Contours from the 11 cm map (for levels 
0.07, 0.095 and 0.12 Jy/beam), selected catalog objects as well 
as the HPBW for the 21 cm data are over-plotted. The Terzan 5 
circle indicates the half-mass radius of the GC. The dashed line 
indicate the radio scan direction at 21 cm. 



regions a = -0.8. Along with this, a Bremsstrahlung scenario is 
investigated for region 10. 

6.1. Synchrotron radiation energetics 

To estimate the energy in the radio structures assuming SR emis- 
si on, the minimu m energy condition (MEC) is used, as reviewed 
in iMilevi d!980t) . The MEC density of a radio source can be 
written as u me — (1 /3)(Bl ie /8n) ergcirT 3 and corresponds al- 
most (but not exactly) to the equi-partition of energy between 
non-thermal particles and the magnetic field. For the frequency 
interval v = 0.01 — 100 GHz and assuming a spectral index 
a = -0.8, the corresponding magnetic field, in pG (for frequen- 
cies in GHz), is given by: 



/ v \ 022 
fi me = 140 — — 
llGHz/ 



So (larsec lkpc) 



(Uy) e x 6 y s 



2/7 



(2) 



http ://cds web. u- s trasbg. f r/ 



where X and 8 V are the extent of the radio source on the plane of 
the sky in orthogonal directions, s is the path length through the 
source along the line of sight and vo is the frequency where the 
flux Sq is measured. 

The MEC is assessed from the measurements of Table [2] for 
vo = 2.7 GHz. It is assumed that region 1 is spherically symmet- 
ric with a radius of 15 pc and that regions 3 to 10 extend by the 
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39.56 


64.44 


28.16 


18.31 41.39 45.06 25.56 8.41 
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67.21 
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7.00 




(9.39) 


(6.87) 


(6.43) 


(6.35) 


(6.94) (5.10) (4.42) (4.35) (5.21) 


(10.20) 


(5.85) 


(2.04) 


(6.94) 


21 


60.88 


63.76 


74.05 


33.94 


40.69 81.75 55.71 35.54 50.63 


86.67 


73.53 


18.54 


1.29 




(17.74) 


(12.73) 


(11.84) 


(11.93) 


(12.91) (9.47) (8.00) (8.23) (9.66) 


(18.97) 


(10.67) 


(4.07) 


(4.30) 



Table 2. Measurements extracted for the regions from the Effelsberg radio maps dReich et al.L Il990aibl) . Regions 4, 5, 8 and 13 
might indicate local background levels at 1 1 and 21 cm. 



same 30 pc along the line of sight (s = 30 pc). The regions 10 
to 12 are assumed to be structures where s equals the minimum 
extension of the source in the plane of the sky, estimated here 
for a distance of 5.9 kpc. Since the strength of B me scales only 
with (Sq/s) 2 ^ 7 , the uncertainties on the actual path lengths and 
the flux measurements are not critical to derive orders of mag- 
nitude. Under these assumptions, energetics for all the regions 
fall between a few 10 48 ergs and more than 10 49 ergs. The values 
for u me , B me as well as the total energy E me (in particles and in 
the magnetic field) in each region are given in Table [3] These 
values serve as references in the following region-by-region dis- 
cussions. 

6.2. The O star and region 10 

Region 10 is located north-east of Terzan 5. It does not overlap 
with the GC but contains an O star at a distance shorter than 
2 kpc (see Section [5}- Even though an association with the GC 
cannot be excluded, we now assume that region 10 is related to 
the O star, which could serve as source of ionising radiation for a 
Bremsstrahlung scenario. There are indications for a hole in the 
12 CO distribution at distances between 1 and 3 kpc consistent 
with the location and potentially the distance of the O star. In 
the Bremsstrahlung picture the O star would ionise the embed- 
ding molecular material causing this hole in the 12 CO distribu- 
tion. The ionis e d mat erial would then emit Bremsstrahlung (e.g. 
IVasquez et al. L 120101) . In such a scenario, n e would be compa- 
rable to the molecular gas density, of the order of 1 - 10 cm" 3 . 
A flux density from region 10 of 14 (77 10 4 K)(« e /10cnT 3 ) Jy 
would be expected, in broad agreement with the observed value. 
The expected Bremsstrahlung spectrum would be flat in the ra- 
dio range (a = -0.1). As visible in Figure [4] the features at 
1 1 and 21 cm corresponding to region 10 do not match exactly. 
The possibility remains therefore that the set of properties used 
here for this region do not accurately describe it. Observation at 
higher spatial resolution may settle this issue. 

6.3. Accumulation of relativistic electrons in region 1 1 

The enhanced emission in region 11 covers the location of 
Terzan 5 and extends from there to the north-west of the GC, 
away from the Galactic Plane. 

6.3.1. Evidence from the radio maps 

The radio emission in region 1 1 represents in the MEC a total 
energy of 9.2 x 10 48 ergs. For SR emission peaking at a few GHz 
in the MEC magnetic field of about 10 pG (see Table [3]), elec- 
tron s with an energ y of about 10 GeV wo u ld be required (see 
e.g. iLongairl [19921 Following [Ah aroma nl (120041 the cooling 
time of these electrons in such a magnetic field would be about 



10 7 years. This scenario could be tested by the radio index, as 
radio spectral indic es of -0.3 - 0.0 are typic al of pulsar wind 
nebulae (PWNs, see lGaensler & Slanell2006h . Sampling the ra- 
dio index within region 1 1 could then be used to estimate the 
electron production time scale, expected to be shorter than the 
cooling time if no spectral steepening was found. 

6.3.2. Possible association with Terzan 5 

Given the geometry of the radio feature covered by region 11, 
the large population of msPSRs in the GC could be the source 
of the radio-e mitting electrons. A ssuming that Terzan 5 contains 
180 msPSRs dAbdo et al.Ll2.010t) . each injecting energy on aver- 
age at a moderate rate of 10 33 ergs/s in electrons into the sur- 
roundings, about 2xl0 6 years would be needed to build up the 
total electron population. This time scale is shorter than the cool- 
ing time estimated above, so this scenario seems viable. 

The radio structure covered by region 11 extends from 
Terzan 5 in a direction roughly perpendicular to the Galactic 
plane. Based on the energy density given in Table [3] and as- 
suming for the IS M a density of 0.1 cm' 3 and a temperature 
of 10 5 K (see e.g. lAavage & de "Boeil [19811) . this radio struc- 
ture would seem to be mildly over-pressured (by a factor of 3) 
with respect to the surrounding gas. It could therefore be ex- 
pected to expand, preferentially in the direction of the Galactic 
density gradient, as observed. In this scenario, the expansion of 
the bubble is driven by the difference between the internal and 
external pressures (/?,„, and p exl ) over the surface S where they 
exert, with F p ~ (pi„ t - p exl ) x S . It is limited by the ram pres- 
sure of the surrounding medium, F rnm ~ C\Sv 2 p ext according to 
IChurazov et al 1 (1200 if . with C the drag coefficient, v the expan- 
sion velocity and p ext the density outside the bubble. The maxi- 
mum terminal expansion velocity is then given by: 

\ C Pext 

For C = 0.75 (IChurazovet all 1200 ll) . v ~ 80 (n/O.lcm 3 ) km/s. 
At this constant velocity, of the order of 10 6 years are needed to 
expand by 100 pc. These numbers are in rough agreement with 
the production timescale of the electron population in region 1 1 . 

Another mechanism operating at the location of Terzan 5 
could potentially displace radio-emitting plasma produced in the 
GC in the direction perpendicular to the Galactic plane. Terzan 5 
is placed in the onset region of the Galactic wind of our Galaxy, 
where the bulk m otion flow of the w ind material is expected to 
exceed 100 km/s dEverett et al.Ll2008h . This Galactic wind could 
push away material originating in Terzan 5 even faster than the 
pressure imbalance discussed in the previous paragraph. 

Detection of radio polarisation in this region, challenging 
at the distance of Terzan 5 (see e.g. the discussion on po- 
larisation horizon in lLandecker et all 1201 Ol) . would support a 
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Table 3. Magnetic field strength, energy density and energetics for the regions computed according to the MEC. (see text for details). 



plasma plume scenario. These dynamical models could be fur- 
ther tested against the proper motion of the GC. For instance, 
in 2 x 10 6 years and for a velocity in the plane of the sky of 
50 km/s, a 100 pc long structure could be generated in the di- 
rection of motion. Conversely, too high a velocity or an incom- 
patible direction of proper motion would exclude the proposed 
association between the radio feature in region 1 1 and Terzan 5. 

6.4. The large-scale ridge in region 12 

The ridge-like radio structure seen in region 12 stands out for 
its length and apparent alignment with Terzan 5. It is more vis- 
ible in the 21 cm map (see Figure [4). Structures extending over 
similar linear s cales and involving comparable energetic s have 
been proposed dFukui etldl 120091 : 1 Yamamoto et al 1 12008b to re- 
sult from highly collimated outbursts from either micro-quasars 
or stellar explosions. Such objects may be hosted by GCs like 
Terzan 5 but no equivalent central object or active region could 
be identified in relation to region 12. Higher sensitivity obser- 
vations and dedicated investigations appear to be necessary to 
establish a full emission scenario for this region. 

6.5. Revisiting the diffuse X-ray emission around Terzan 5 

6.5.1. Non-thermal Bremsstrahlung 

The molecular gas and infrared data can be used to test a non- 
thermal Bremsstrahlung origin for the extended diffuse X-ray 
emission in Terzan 5. In this scenario, electrons are deflected 
by target nuclei from the ambient medium. Therefore the in- 
tensity of the non-thermal X-ray emission should be correlated 
with the density of the local ISM. The absence of observa- 
tional support from the 12 CO or infrared data for regions with 
high density of target material goes toward excluding a non- 
thermal Bremsstrahlung scenario for the diffuse X-ray emission 
in Terzan 5. More detailed investigation of the infrared data as 
well as higher resolution molecular gas tracer data may change 
this conclusion. 

6.5.2. Inverse Compton scenario 

One possible orig in for the diffuse X-ray emission discovered by 
lEeer et all d2010h is X-ray IC radiation, usually accompanied by 
radio SR emission. The data gathered in this work can constrain 
this scenario. 

The predicted radio SR emission is described by the fre- 
quency v m = 12O(y/lO 4 ) 2 (B/l/iG)sin0 MHz, with y the 
Lorentz factor of the electrons, B the magnetic field and sin0 
the pitch angle of the electrons with respect to the magnetic 
field. For y » 30, typical of IC r adiation in the keV range (see 
iKrockenberger & Grindlav[[l9 95j). and neglecting sin$>, one gets 
Vsyn = 1.2 (B/l/iG) kHz. The SR flux relates to the IC flux by 
F S yn/F\c ~ (B 2 /8n)/u ra d, where B 2 /8n is the magnetic field 
energy density and u rac i is the radiation energy density respon- 



sible for the IC up-scattering. Ass uming 1) that the X-ray flux 
of 5.5x10" 13 erg crrT 2 s found bv lEger et al.l (l2010h originates 
from IC emission, 2) that the MEC applies, giving a magnetic 
field B - 10 3 nG, 3) that the radiation field is u rad - 40 eV/cm 3 
(lEger et all 1201 Oh . a flux density of the order of 300 kJy at 
the related synchrotron frequency of about 12 kHz is expected. 
Extending a power-law spectrum up to the GHz range would re- 
quire a spectral index around -1.0 for region 1 . 

The apparent validity of the IC emission hypo thesis for the 
diffuse X-ray emission found bv lEger et al.l (1201 Oh could be fur- 
ther tested with an accurate radio spectral index. 



7. Conclusion 

In this paper the surroundings of the GC Terzan 5 have 
been searched for indications of non-thermal diffuse emission. 
Several structures were isolated in the Effelsberg 21 and 11 cm 
surveys. The currently available data point towards a complex 
radio emitting region. However, interpretation of the radio struc- 
tures is limited in the absence of reliable radio index. Future ob- 
servations with high-frequency single-dish radio-telescopes or a 
dedicated re-analysis of the original Effelsberg data would im- 
prove this situation. 

The most intriguing of these structures extends from the po- 
sition of the GC to about 0.8° to the north-west. The energetics 
of this structure could be produced on a reasonable time scale 
by the population of msPSRs in Terzan 5 in a PWN scenario. 
Comparison of these time scales with the GC proper motion 
would provide a strong test to this model. 

A smaller compact radio feature may be associated with an 
O star. Indication for a molecular gas cavity and order of mag- 
nitude agreement between the radio flux and a Bremsstrahlung 
model support this scenario. Confirmation of the molecular gas 
feature and of its distance are necessary tests to the proposed 
association. 

There is an intriguing ridge-like extended radio source 
aligned with Terzan 5 roughly 1° north-east of the GC. In terms 
of energy content and spatial extent it shows similar characteris- 
tics to proposed remnants of highly asymmetric outbursts, either 
from a micro-quasar or the final explosion of a star. Since a GC 
may be the host of highly asymmetric explosions, such an origin 
cannot be excluded. 

The presented multi-wavelength data is compatible with 
an IC origin for the recently discovered extended diffuse X- 
ray emission from the direction of Terzan 5. A non-thermal 
Bremsstrahlung scenario is not supported, although higher reso- 
lution data may change this conclusion. 

Likewise, several negative results were obtained. No sig- 
nificant density of molecular material in the environment of 
Terzan 5 could be found, nor any clear hint of peculiar dust emis- 
sion structure in the (low resolution) infrared data. The extension 
of the diffuse X-ray emission was limited to a 2' .5 radius region 
around Terzan 5, to the sensitivity limit of the data. 
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